We have found the gene for a translation elongation factor Tu (EF-Tu
Introduction
One of the unusual features of the animal mitochondrial (mt) translation system is the use of tRNA with highly divergent structures (1) . Such nonstandard structural forms have been predicted from gene sequences encoded in mt DNA (2) , and some have been confirmed at the RNA level (3, 4) .
Mitochondrial tRNA structural divergence is thought to reflect relaxed constraints operating on translation systems that produce very few proteins encoded in mt DNA (5) . However, almost all the nuclear-encoded protein factors that are anticipated to interact with such divergent tRNAs, remain to be identified.
In the elongation cycle of prokaryotic translation, one of the most crucial steps is the formation of an active ternary complex among elongation factor Tu (EF-Tu), aminoacyl-tRNA (aa-tRNA), and GTP followed by transfer of the aatRNA to the ribosomal A site (6, 7) . Recent crystallographic analysis (8, 9) as well as a variety of biochemical data (10) show that bacterial EF-Tu binds mainly to two regions within tRNA: the terminal region of the acceptor stem, and one side of the T stem helix − the length of which strongly influences ternary complex formation (11). Similar tRNA binding mechanisms have been
Experimental Procedures Preparation of cDNAs for various EF-Tu's
An internal fragment of A. suum EF-Tu homologue cDNA was obtained from poly(A)+ RNA prepared from A. suum adult body wall muscle by reverse transcription with random hexamers as primers and Avian Myeloblastosis Virus reverse transcriptase (Roche Molecular Biochemicals). The DNA fragments obtained were further amplified by PCR using the primers 5'Tu and 3'Tu (see Table 1 ) which correspond to the putative conserved peptide sequences IGHVDH (amino acid residues #18-23 of E. coli EF-Tu, in Fig. 1 ) and MITGAA (#93-98). The approximately 250 bp-long product was purified by agarose or non-denaturing polyacrylamide gel electrophoresis, phospholyated by T4 polynucleotide kinase (Toyobo) and ATP, and then inserted into the Sma I site of pUC19 (21) . The chimeric plasmid was sequenced with a T7 Sequenase version 2.0/7-deaza-dGTP DNA Sequencing Kit (Amersham-Pharmacia Biotech) using [α- 32 automated DNA sequencers (DSQ-1, Shimadzu; 373A, Applied Biosystems) using commercially available kits (Perkin-Elmer; Amersham-Pharmacia Biotech; Wakunaga; Takara Shuzo).
Construction of expression vectors of EF-Tu variants
For expression of recombinant EF-Tu's in E. coli cells, a portion of the C. elegans cDNA clone cm5c1 encoding the amino acid sequence between Gly39 and Pro496 (the N terminus was chosen by referring to the prokaryotic EF-Tu sequences; see Fig. 1 ) was first amplified by PCR using the primers 5'CeTu and 3'CeTuA (Table 1) The T. thermophilus EF-Tu gene cloned in pKK223-3 (26) and bovine mt EF-Tu cDNA cloned in pET-24c(+) (27) were kindly provided by T. Yokogawa (Gifu University, Japan) and L. L. Spremulli (University of North Carolina), respectively. These genes were amplified by PCR using the primers 5'TthTu and 3'TthTu (Table 1) for T. thermophilus EF-Tu, and 5'BmTu and 3'BmTu for these primers are given in Table 1 . All the coding sequences of EF-Tu variants cloned into the Nde I -Bam HI site of pET-15b were confirmed by sequencing analysis with an ABI PRISM 310 genetic analyzer.
Recombinant Proteins
The strain BL21(DE3) or its pLysS derivative (28) was transformed by expression vectors containing the EF-Tu variant genes. These transformants allowed the production of His-tagged proteins, which were then purified by HisBind resin (Novagen) or Ni-NTA agarose (Qiagen) column chromatography.
The recombinant bacteria were grown at 37 o C in Terrific broth media (29) with 100 µg/ml ampicillin (and 23 µg/ml chloramphenicol when the host cell was BL21(DE3)pLysS) until the absorbance at 600 nm reached around 0.5.
Isopropyl-b-D-galactopyranoside and ampicillin were then added to the culture media to give final concentrations of 1 mM and 500 µg/ml, respectively, and the cultivation was continued at 18 o C for overnight. The cells were harvested by centrifugation and frozen until use. Cells were lysed by sonication and fractionated according to Woriax et al. (27) 
Western blotting
Cytoplasmic soluble (as a post-mt supernatant) and mt fractions were prepared from C. elegans whole bodies as described (31) . The protein concentration was estimated according to Lowry et al. (32) 
Preparation of aminoacyl-tRNA
A. suum mt tRNA Met was purified as described (20 
RESULTS

The C. elegans EF-Tu homologue has a long C-terminal extension
No EF-Tu gene has been identified in the nematode mt DNAs characterized so far (16, 18) , which suggests it is nuclear-encoded. To clone the nematode mt EF-Tu, we first amplified the cDNA from a parasitic nematode, 
Cellular localization of the EF-Tu homologue
To determine the cellular localization of the nematode EF-Tu homologue, elegans (Fig. 2) . These results suggest that the cDNA-encoded protein is actually localized in the nematode mt fraction as the mature form.
The C. elegans EF-Tu homologue specifically binds to nematode mt tRNA lacking the T stem
To examine the biological function of the nematode EF-Tu homologue in more detail, we checked its binding activity toward aa-tRNAs from E. coli and nematode mitochondria by means of the deacylation-protection assay (36) .
This showed that the nematode protein could provide nematode mt MettRNA Met lacking the T stem with considerable protection against deacylation, whereas E. coli EF-Tu could not (Fig. 3A) . On the other hand, E. coli EF-Tu protected E. coli Met-tRNA m Met from deacylation very well, but the nematode protein protected it only slightly (Fig. 3B) . Thus, it can be concluded that the nematode EF-Tu homologue is an actual EF-Tu of the nematode mitochondria.
Domain exchanges among EF-Tu's of nematode and mammalian mitochondria and eubacteria
To further elucidate the function of each domain of the C. elegans mt EF-Tu in aa-tRNA binding, we designed and produced a series of chimeric proteins between the C-terminal domain(s) (domains 3' and/or 3) of the C.
elegans mt EF-Tu and the N-terminal domain(s) (domains 1 and/or 2) of the eubacterium, Thermus thermophilus or bovine mt EF-Tu's (Fig. 4) , and examined their abilities to protect the nematode mt and eubacterial aa-tRNAs from hydrolysis. As already reported by Spremulli's group (42), the three domains of EF-Tu, and also domains 3 and 3' (see Fig. 1 ), are connected by random coils that serve as hinges, allowing the domains to move relative to each other. For this reason, these regions were selected as the junction sites for constructing the chimeric proteins.
As elegans mt EF-Tu) raised the protection efficiency to the same level as that of nematode EF-Tu (Fig. 5A ). On the other hand, when the N-terminal domain(s)
of T. thermophilus EF-Tu was fused with the C-terminal domain(s) of the C.
elegans mt EF-Tu, even after replacement up to domain 2 by the C. elegans mt EF-Tu domains, the resultant fusion proteins (ThCe2, ThCe3, and TthCe3')
could not bind to nematode mt tRNA (Fig. 5A ). This suggests that not only domain 3' but also one or more of the other domains are required for binding to tRNA lacking a T stem.
As for the protection of E. coli Met-tRNA m Met , bovine mt EF-Tu showed the same activity as T. thermophilus EF-Tu (Fig. 5B ). It should be pointed out that adding domain 3' of the C. elegans mt EF-Tu to either of these EF-Tu's (BmCe3' and TthCe3') did not hinder their protective activity at all, whereas the additional swapping of domain 3 (BmCe3 and TthCe3) completely eliminated such activity. These results suggest that domain 3 of the C. elegans EF-Tu is no longer adaptive to conventional aa-tRNA. In fact, the residues in domain 3 that are involved in T-stem binding are not well conserved in the C. elegans EFTu (Fig. 1 ).
Taken together, these experimental results demonstrate that the Nterminal domains (domains 1 and 2) of the mammalian and C. elegans mt EFTu's, but not of the eubacterial EF-Tu, could be functionally equivalent in binding to the nematode T arm-lacking aa-tRNA, and that the C-terminal domains (domains 3 and 3') of nematode mt EF-Tu are crucial for binding to this type of tRNA (see discussion).
DISCUSSION
Whether or not a unique EF-Tu exists in nematode mitochondria has long been an intriguing question, since conventional EF-Tu's so far elucidated recognize the tRNA T-stem − which is absent in most nematode mt tRNAs (2).
The findings of this study could have given the answer to this question by demonstrating that a nematode mt translation system actually possesses a unique EF-Tu with a long C-terminal extension (domain 3') (Figs. 1 and 2), which is considered to be a prerequisite to compensate for the lack of a T stem in nematode mt tRNAs (Fig. 3) .
Two cases in which unique EF-Tu's with C-terminal extensions are used for translation are already known: SelB in some bacteria and its equivalents in mammalian systems (43, 44) , and EF-Tu in mammalian mitochondria (27) . The former is specific for selenocysteinyl-tRNA, which is involved in decoding a particular UGA stop codon by recognizing both the tRNA and the stem-loop structure of mRNA occurring just behind the UGA codon in bacterial systems.
The long C-terminal extension (domain 4) with about 250 amino acid residues is considered to be involved in recognition of the stem-loop structure (43) . We function also seems to differ from that of the C-terminal extension of mammalian mt EF-Tu.
With regard to the other domains, there is considerable homology among amino acid residues in both domains 1 and 2 between the nematode and the other mt EF-Tu's, whereas the residues in domain 3 are quite different. The residues in contact with GTP (coloured orange in Fig. 1 ) (49-52), the acceptor stem (blue), and the amino acid moiety of aa-tRNA (yellow) (9) as well as those involved in the pocket of the amino acid side chain of aa-tRNA (green) (8) − all of which are dispersed through domains 1 and 2 − are highly conserved among these EF-Tu's. The residues characteristic for mt EF-Tu's (purple) (41) are also well conserved. Only the residues in contact with the T stem − which are located in domain 3 (red) (9) − are quite different in the nematode mt EF-Tu compared with the other mt EF-Tu's, which is quite reasonable considering nematode mt EF-Tu has no target T stem in the mt tRNA (see below) and lost binding ability to conventional tRNA having T stem (Fig. 3B) .
The results presented here strongly suggest that the immunodetectable protein (Fig. 2) is actually the nematode mt EF-Tu, which, as shown in Fig. 3 homologous nematode mt translation system, which is as yet unavailable, is necessary to detect efficient translation activity with nematode mt EF-Tu.
The experimental results with the chimeric proteins (Fig 4) indicate that, in addition to domain 3', domain 3 in the nematode protein also plays a crucial role in its binding to T arm-lacking tRNA (Fig. 5A ), because the binding activity of bovine mt EF-Tu with domain 3' of nematode mt EF-Tu attached (BmCe3') toward nematode mt aa-tRNA was significantly enhanced by switching domain 3 between the two animal mt EF-Tu's. Domain 3 may fix the location of domain 3' through interactions between the C-terminal domains so that domain 3' can bind to the T arm-lacking tRNA at the proper position. Domain 3' might be a part of the domain 3, which is larger than those of conventional EF-Tus. In addition to the C-terminal domains, the N-terminal domain 1, or both domains 1 and 2, in animal mt EF-Tu's also seems to assist in binding to the nematode mt T stem-lacking tRNA (Fig 5A) , or even to bovine mt tRNA with divergent T arms (T. Ohtsuki and K. Watanabe, unpublished results).
Although domain 1 is highly conserved among organisms, a key difference between the peptide sequences in bacterial and mt EF-Tu's lies in a region noted previously as the "proteobacterial mitochondrial factor signature region" (41) , which in mt EF-Tu's is located near the junction with domain 2 (coloured purple in Fig. 1 ) but which is absent in bacterial counterparts. In the case of animal mt factors, this region might make a contribution in binding to the nematode mt tRNAs, since as shown in Fig. 5A , nematode Met-tRNA Met can be recognized not only by nematode mt EF-Tu but also by bovine mt EF-Tu, although only slightly, whereas it is not recognized at all by T. thermophilus EFTu.
The above results taken together with crystallographic data on the bacterial ternary complex (8, 9) and bovine mt EF-Tu/GDP (46) C. elegans mt EF-Tu sequences are underlined; restriction enzyme sites printed in boldface. *^*^* * ^ **^****^ ***** ^ *^** *^ ***^* ********^******^* ^^* *^**^^ ** ****^**^ *^**^* T. thermophilus EF-Tu
